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Since the days of Hertz, radio transmitters have evolved from rudimentary circuits emitting around 50 MHz
to modern ubiquitous Wi-Fi devices operating at gigahertz radio bands. As wireless data traffic continues
to increase there is a need for new communication technologies capable of high-frequency operation for high-
speed data transfer. Here we give a proof of concept of a new compact radio frequency transmitter based
on a semiconductor laser frequency comb. In this laser, the beating among the coherent modes oscillating
inside the cavity generates a radio frequency current, which couples to the electrodes of the device. We show
that redesigning the top contact of the laser allows one to exploit the internal oscillatory current to drive an
integrated dipole antenna, which radiates into free space. In addition, direct modulation of the laser current
permits encoding a signal in the radiated radio frequency carrier. Working in the opposite direction, the
antenna can receive an external radio frequency signal, couple it to the active region and injection lock the
laser. These results pave the way to new applications and functionality in optical frequency combs, such as
wireless radio communication and wireless synchronization to a reference source.
Optical fields can be used to synthesize low-phase-noise
microwaves by means of different techniques, such as
optical frequency division1,2, optoelectronic oscillations3
and laser heterodyne4. The latter can be realized in a
medium with a nonlinear optical response, such as a pho-
tomixer5, capable of converting the frequency difference
between the optical modes into a microwave tone6–8. An
attractive aspect of quantum cascade lasers (QCLs) op-
erating as optical frequency combs9–15 is that they can
act both as sources of light whose spectrum consists of
equidistant modes and as photomixers — provided that
their gain dynamics are sufficiently fast — producing mi-
crowaves of high spectral purity directly inside the laser
cavity. The physical process underlying the microwave
generation consists in the beating among neighboring op-
tical modes of the standing wave cavity, which induces a
dynamic electronic grating with opposite ends oscillating
nearly in antiphase at the beat frequency (Fig. 1a). Such
mechanism was used to demonstrate a quadrature modu-
lation scheme exploiting the alternating currents oscillat-
ing inside the laser and a system of near-field microwave
probes16.
In light of this phenomenon the laser can be viewed
from a new perspective, namely as an ensemble of two
radio frequency generators with opposite phase. Usually
the top electrode of these lasers consists of an electrically
continuous metal contact connecting the two generators
and thus preventing the device from radiating. In this
work we demonstrate that by adapting the geometry of
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the top contact layer of a QCL allows us to feed a dipole
antenna integrated on the chip, enabling emission of ra-
dio waves into free space. The beatnote frequency it-
self can be tuned by modulating the laser current, thus
the laser acquires a new functionality, turning into a ra-
dio transmitter capable of wireless communication at a
carrier frequency of 5.5 GHz, given by the comb repeti-
tion rate. Thanks to their fast gain recovery dynamics17,
QCLs have the potential of generating sub-terahertz car-
riers when operating in the harmonic comb regime with
a wide intermodal spacing18. The extension of the design
presented here to realize a new class of terahertz wireless
communication devices19–21 will be discussed.
The laser radio transmitter (LRT) is illustrated in
Fig. 1b. It consists of a continuous wave, ridge waveg-
uide, uncoated Fabry-Perot QCL with an 8 mm-long
cavity operating as a fundamental frequency comb11 in
the mid-infrared spectral range with a narrow (kilohertz)
linewidth beat note at fB = 5.5 GHz (Fig. 1b). A 400 µm
wide gap is etched in the top contact layers of the de-
vice creating two contact sections with an open-circuit
resistance of 250 Ω. The two top laser contacts are con-
nected through wirebonds to a low-impedance half-wave
dipole antenna designed to radiate at fB consisting of
two gold stripes fixed on a polyactide dielectric substrate.
The laser current is injected from the DC power source
through the antenna into the QCL (Methods).
To characterize the emission pattern of the system we
carry out far-field measurements of the QCL microwave
radiation. A schematic of the experimental set-up is
shown in Fig. 1c. The LRT is mounted on a rotation
stage and the microwave radiation emitted at angles be-
tween −90◦ and 90◦ on the horizontal plane is detected
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FIG. 1. (a) Schematic of the time-dependent population inversion grating oscillating inside the cavity of a quantum cascade
laser frequency comb at the fundamental beat note frequency. In light of this phenomenon the laser can be regarded as two
radio frequency generators oscillating in antiphase. (b) Introducing a gap in the design of the top electrode of the device
allows one to use the radio frequency alternating currents generated inside the laser to feed a dipole antenna enabling wireless
microwave emission, in addition to the usual mid-infrared radiation. The insets show the microwave beat note emitted from
the device (top, fB = 5.5 GHz) and the mid-infrared frequency comb spectrum (bottom). (c) Set-up for the characterization
of the far-field pattern. The laser radio transmitter (LRT) is mounted on a rotation stage (RS) and the 5.5 GHz radiation
emitted at different angles in the horizontal plane is measured at a distance of 0.9 m by a horn antenna connected to a spectrum
analyzer. λB denotes the free space wavelength of the radiated beat note. Microwave absorbers are used to eliminate unwanted
reflections from the surrounding environment. The inset shows a magnification of the LRT with the polarization of the emitted
microwave field (double-headed arrow), which is the same one of the receiving horn antenna. (d) The radiation patterns are
measured in the case where the gaps of the QCL and dipole antenna are open and closed by wirebonds. The direction normal
to the surface of the LRT defines the 0◦ angle. Polar plots are shown with power plotted on a linear scale. The amplifier gain
has been subtracted.
by a directive horn antenna (gain 18.5 dBi) at a dis-
tance of 0.9 m (16 λB) from the source, amplified and
then measured with a spectrum analyzer (Supplementary
Sec. 1). Fig. 1d shows the measured radiation pattern of
the device (continuous line). The central peak emitted
around the normal to the surface of the LRT originates
from the dipole antenna and QCL, while the side lobes
are due to emission from the wirebonds (Supplementary
Sec. 2). The maximum radiated power is approximately
−80 dBm. When the gap of the QCL and antenna is
closed using wirebonds (Fig. 1d, dashed line), the maxi-
mum power drops to −88 dBm. Even though this does
not correspond to the case of an unstructured device with
a continuous metal electrode — because of the inductive
nature of the wirebonds which prevents them from being
a perfect short — this result shows the fundamental role
that the gap geometry plays for the wireless emission.
From the measured microwave radiation, taking into
account the directivity of the emitter and receiver
antenna, and using an equivalent circuit model of the
LRT, we can estimate the microwave power available at
the source. The QCL active region can be modeled as a
radio frequency generator with low output impedance.
The bonding pads on the sides of the waveguide behave
as capacitors in parallel to the generator. A full model
of the impedance of the pads and of the other elements
in the equivalent circuit is described in Supplementary
Sec. 3. The antenna is connected to the QCL via
wirebonds, whose inductive behavior at microwave
frequencies is also taken into account in the model.
Finally, the antenna constitutes the load connected at
the other end of the circuit. The impedance mismatch
loss (mostly caused by the presence of the capacitive
pads) is estimated to be −22 dB, which means that the
power actually radiated by the antenna is 22 dB lower
than the available power at the QCL. Using this fact
and knowing that the total received power is −80 dBm,
it is possible to compute the wireless link power budget
with the Friis formula (Supplementary Sec. 3). The
total radiated power is found to be −58 dBm, meaning
that the available power at the QCL is estimated to
be −36 dBm. Based on numerical simulations of the
QCL radio frequency generation, the available power
is expected to increase by several orders of magnitude
when operating the laser in the harmonic comb regime,
due to the higher optical power per mode and lower
number of beat harmonics that are generated in this
state (Supplementary Sec. 4). On the other hand, the
source impedance mismatch due to the pad admittance
can be corrected using a buried heterostructure geometry
with a Fe-doped InP insulating layer22, promising to
improve the extraction performances both at microwave
and sub-terahertz frequencies, as the capacitive pad
admittance would be substantially reduced.
Next, we provide a proof-of-concept of wireless com-
munication using the laser radio transmitter. The ex-
perimental set-up is schematized in Fig. 2a. The laser
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FIG. 2. (a) Set-up for the wireless transmission and reception
of an audio signal. The laser current is modulated by an ana-
log signal inducing a frequency modulation of the laser beat
note. The radio signal is received by a horn antenna, filtered
and downconverted to fit into the bandwidth of a software-
defined radio (SDR). LO, local oscillator, IF intermediate fre-
quency, OSC, oscilloscope. (b) Waterfall plot showing the
instantaneous frequency of the demodulated signal when the
laser current is modulated at 0.1 Hz showing that the laser
behaves as a current-controlled oscillator. (c) Original and
received audio signal (see Supplementary Material for the re-
ceived audio file: “Volare” by Dean Martin).
current is modulated by an audio analog signal which
in turn modulates the frequency of the laser beat note
allowing to encode the baseband information onto the
5.5 GHz carrier wave. The radio signal is received by a
horn antenna at a distance of 0.9 m, filtered by a receiv-
ing filter (1.9-5.5 GHz bandwidth), amplified and then
downconverted to 1.5 GHz by mixing with a local oscil-
lator (7.0 GHz) to fit into the bandwidth of a software-
defined radio (SDR) used for demodulation. The physical
process underlying the current-driven beat note modula-
tion is the following: the current modulation ∆I induces
a thermal variation of the QCL active region, thus chang-
ing the group refractive index ng of the cavity. This in
turn changes the intermodal spacing of the comb and the
beat note frequency. In Fig. 2b we present a waterfall
plot of the signal demodulated by the SDR when the
laser current is modulated at fmod = 0.1 Hz with a rela-
tive current modulation amplitude of ∆I/I = 0.2%. The
beat note exhibits a nearly constant power, and its in-
stantaneous frequency is modulated with a period of 10 s
defined by fmod, spanning a range of frequency devia-
tion of 120 kHz determined by ∆I. In essence the QCL
behaves as a current-controlled oscillator which can gen-
erate a frequency modulated (FM) signal. This scheme is
used for radio transmission of an audio track, which can
be correctly retrieved after demodulation (Fig. 2c; see
Supplementary Material for the audio file). Unwanted
slow thermal fluctuations of the laser cavity, which per-
sist despite the use of a temperature controller, induce
a jittering of the beat note appearing as a slow modu-
lation of the baseline of the received audio signal. The
effect of these fluctuations is to add a noise contribution
below 10 Hz (Supplementary Sec. 5), which lies outside
of the audio frequency range (20-20’000 Hz). The high-
frequency background noise that is audible in the track
is due to the level of the noise floor. The signal-to-noise
ratio could be improved by increasing the range of fre-
quency deviation of the modulated beat note, though this
was limited in the present work by the bandwidth of the
software demodulator. While the present demonstration
deals with a low-frequency audio modulation signal, QCL
modulation of several tens of gigahertz has been demon-
strated using microstrip and coplanar waveguide geome-
tries23–26. These studies investigated the high frequency
modulation of the optical field in single-mode QCLs and
can aid in understanding the effect of multimode QCL
modulation on the generated beat note. In particular,
at gigahertz modulation frequencies, we expect that the
laser beat note will be predominantly amplitude modu-
lated by plasma effects, as the cut-off frequency of ther-
mal effects responsible for frequency modulation lies in
the megahertz range27.
Due to the presence of the antenna, the laser is also
sensitive to wireless radio frequency signals. Here we
show that the laser beat note can be wirelessly injection
locked to an external microwave reference. A schematic
of the set-up is shown in Fig. 3a. A local oscillator (LO),
tunable in power and frequency, is connected to a horn
antenna directed at the QCL chip. A microwave probe is
placed in proximity of the QCL antenna to monitor the
changes in the laser beat note induced by the LO, whose
power is swept between -30 and 24 dBm for a set of dif-
ferent frequencies. Examples of the behavior exhibited
by the QCL beat note upon wireless microwave injection
are shown in Fig. 3b. In the lower range of powers of
the LO the QCL behaves as free-running, its beat note is
unlocked and shows small frequency oscillations around
f0 = 5.501 GHz due to thermal fluctuations. When the
LO power overcomes a threshold dependent on the detun-
ing from f0 the QCL beat note locks to the external oscil-
lator and stops jittering. This phenomenon is preceded
by the appearance of a weaker sideband next to the QCL
beat note, as typically observed in wired injection-locking
experiments24. The increase of the power threshold with
the detuning from f0 follows a quadratic dependence, as
expected from injection-locking theory28,29. For the max-
imum explored power of the LO (24 dBm) the wireless
locking range is about 40 kHz. We note that an enhance-
ment of the microwave emission from the laser based on
a buried heterostructure design as discussed above, will
also improve the coupling of external radio signals into
the system, thus lowering the wireless locking threshold
curve. The demonstration of wireless injection locking
of the laser beat note shows the possibility of remote
control of laser frequency combs and may open new ap-
plications in the field such as wireless synchronization of
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FIG. 3. (a) Schematic of the set-up to injection lock the QCL beat note to a local oscillator (LO) through free space. A
probe placed near the antenna of the QCL monitors the changes in the laser beat note induced by the LO. (b) Shift of the
QCL beat note spectrum as the power of the LO is swept between -30 and 24 dBm. The LO power threshold at which
locking occurs is marked by arrowheads. Frequencies are given with respect to the beat note frequency of the free-running
QCL (f0 = 5.501 GHz). Five exemplary cases are shown. (c) Measured LO power corresponding to the threshold for wireless
locking of the QCL beat note to the LO for different LO frequencies (circles). Also shown is the fit of the theoretical quadratic
dependence (continuous line).
multiple comb generators to a single reference oscillator,
without the need of integrating complex interconnected
microwave architectures.
This work is a proof of concept demonstration of a
QCL frequency comb utilized as a wireless radio trans-
mitter. Thanks to the recently discovered harmonic comb
operation of QCLs16,18 — where the intermodal comb
spacing lies in the hundreds of gigahertz range due to
longitudinal mode skipping — the frequency range of
radio transmission of the system can be potentially ex-
tended to sub-terahertz carriers. Moreover the frequency
of such carriers holds promise of broad tunability, since
the intermodal spacing of a harmonic frequency comb
may be varied from few 100 GHz up to over 1 THz in a
single device, as it was recently experimentally demon-
strated by optical injection of an external seed30. In
the harmonic regime the internal dynamic grating will
exhibit a number of spatial cycles corresponding to the
number of skipped longitudinal modes in the frequency
comb16. Adapting the antenna design demonstrated here
to match the spatial periodicity of this higher-order grat-
ing will provide for extraction of a substantial fraction of
the available radio frequency power generated in the har-
monic state. For instance, travelling- and standing-wave
antenna designs, which have already been proven success-
ful in cryogenically-cooled terahertz QCL systems31,32, or
surface grating outcouplers, used in difference-frequency-
generation terahertz QCLs33,34, could be used to effi-
ciently radiate the generated sub-terahertz signal. Be-
sides increasing the carrier wave frequency, the harmonic
state offers a spectrum constituted by few, powerful op-
tical modes. In principle, this spectral distribution of
the optical power presents the net advantage of a much
more efficient radio frequency generation as compared to
QCLs operating in the fundamental comb regime. Nu-
merical simulations suggest that a QCL in the harmonic
state can generate a beat note in the 100 GHz range with
a 37 dB power enhancement with respect to that pro-
duced at 5.5 GHz by a QCL operating as a fundamental
frequency comb in similar current and optical power con-
ditions (Supplementary Sec. 4).
QCL radio frequency sources benefit from good
impedance-matching with extraction elements such as
antennas and waveguides, thanks to the low impedance of
their active region. This is a clear advantage with respect
to existing terahertz photomixers, which suffer from high
impedance in the order of tens of kiloohm, thus losing
several orders of magnitude in power efficiency. Thanks
to the frequency comb nature of the light beating inside
the cavity, this new radio frequency source can generate
tones of high spectral purity, leading to a very narrow
(kHz or sub-kHz) linewidth. Another attractive feature
of the LRT is that the carrier frequency may be controlled
by the laser current, allowing in principle to phase-lock
it to a reference microwave source using frequency divi-
sion and thus stabilize it with high accuracy. Ultimately,
the system introduced here will benefit from unprece-
dented compactness, as compared to existing composite
terahertz wireless communication systems19, unifying in
a single device the capability of room-temperature gen-
eration, modulation and emission of sub-terahertz waves,
and may find applications in fields ranging from telecom-
munications and spectroscopy, to radioastronomy and
quantum optics.
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I. MATERIALS AND METHODS
A. Laser and antenna design
The quantum cascade laser has a layer structure con-
sisting of GaInAs/AlInAs lattice matched to InP; it emits
at 9.0 µm and is described in more details in Ref. 1. The
12 µm wide QCL waveguide was fabricated by reactive
ion etching, followed by SiN passivation using plasma-
enhanced chemical vapor deposition, sputtered Ti/Au
contact deposition using a lift-off, substrate thinning to
150 µm, bottom-side Ti/Au contact deposition and cleav-
ing to a 8 mm long device. The device was soldered epi-
side up with indium on a copper plate. The half-wave
dipole antenna is designed for fB = 5.5 GHz and consists
of two gold metal stripes (each being 6.5 mm long and
2 mm wide) with a 1 mm gap, lying onto a 3D-printed
polyactide substrate (3 mm thick, εr = 2.7). Each arm
of the antenna is connected on one side to one of the two
QCL top pads using wirebonds and, on the other side,
to the negative connector of the current source via an in-
ductor to minimize RF leakage (Figure S 2c). The QCL
is operated in a fundamental (1 FSR intermodal spacing)
frequency comb regime at an injected current of ∼1.82 A
(1.26Ith) driven with a low-noise current driver (Wave-
length Electronics QCL LAB 2000) and with its tempera-
ture stabilized at 16◦C using a low-thermal-drift temper-
ature controller (Wavelength Electronics TC5). In this
operating condition the differential resistance of the QCL
is estimated to be 1.3 Ω, and the emitted optical power
per facet is 40 mW.
B. Microwave far-field measurements
Far field mapping has been performed by mounting a
commercial directive horn antenna (RF Elements SH-CC
5-30) on the same optical table with the QCL transmit-
ter, at a distance of ∼0.9 m (16 λB) from the QCL as-
sembly. The antenna has a maximum gain of 18.5 dBi,
a)These authors contributed equally to this work.
b)capasso@seas.harvard.edu
negligible return loss at 5.5 GHz and two separate ports
for vertical and horizontal polarization, and it was aimed
at the QCL transmitter. The latter is mounted on a mo-
torized rotary stage, that allows mapping the far field
in the horizontal plane. The optical table and other re-
flective surfaces nearby are covered with microwave ab-
sorbers (SFC-4 from Cuming Microwave) with less than
30 dB of reflectivity at 5.5 GHz. The output of the an-
tenna (50 Ω) is connected to a low noise preamplifier
(19 dB of gain) and then to a spectrum analyzer (Agi-
lent E4448A). Stage and data acquisition are controlled
by a computer.
C. Radio transmission
The voltage signal generated by an audio player is used
to modulate the laser current using the external analog
modulation input of the current source (Wavelength Elec-
tronics QCL LAB 2000, analog current transfer function:
0.4 A/V). The volume of the audio player is chosen to
set the maximum peak-to-peak output voltage to a value
(0.2 V) such that the maximum frequency deviation of
the modulated QCL beat note lies within the demodula-
tion bandwidth of the software defined radio (RTL-SDR:
R820T tuner frequency capability 25 MHz-1750 MHz;
RTL2832U demodulator bandwidth 200 kHz). A wide-
band FM (WFM) demodulation scheme is used. With
reference to Fig. 2a of the main text, the amplifier gain
is 19 dB at 5.5 GHz and the local oscillator (Hittite HMC-
T2240) power is 0 dBm.
D. Wireless injection locking
The master signal is generated by a local oscillator
(Hittite HMC-T2240) feeding a horn antenna (RF El-
ements SH-CC 5-30). To monitor the changes in the
QCL beat note induced by the external oscillator signal
a coaxial RF probe (Quater A-20338, bandwidth DC-18
GHz, tip diameter ∼100 µm) is placed in the near field of
the dipole antenna integrated on the QCL chip (approxi-
mately 2 mm away from the edge of one of the two arms).
This arrangement is non-invasive (in the sense that the
probe is not in electrical contact with the dipole antenna)
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FIG. 1. Images of the LRT taken from the point of view of the receiving horn antenna at different rotation angles of the stage
(cf. experimental set-up in Fig.2a of the main text). The direction of the polarization of the receiving horn antenna is fixed
and marked as double-headed arrows in each image.
and allows one to simultaneously monitor both the QCL
RF beatnote and the master, radiated local oscillator sig-
nal. The signal detected by the probe is amplified (19 dB
gain) and measured with a SA (Agilent E4448A).
II. FAR-FIELD MICROWAVE RADIATION PATTERN
The microwave radiation pattern emitted from the
LRT exhibits a central peak with two side lobes (see
Fig. 1d of the main text, continuous line). The central
peak originates from the dipole antenna and QCL which
produce a maximum close to the normal to the surface
of the device (0◦), as expected for dipole-like emission
patterns. The side lobes observed at angles around −90◦
and 70◦ are due to emission from the wirebonds carrying
RF current between the QCL and the dipole antenna.
This is not obvious based on the 2D schematics shown in
Fig. 1d of the main text but it becomes clear by looking
at the images of the device shown in Fig. S1, which are
taken from the point of view of the receiving horn an-
tenna as a function of the rotation angle of the LRT. As
the dipole antenna lies on an elevated plane with respect
to that of the QCL, the wirebonds carry an RF current
with a significant component perpendicular to the QCL
and the copper plate. The experimental configuration
is such that at large rotation angles (±90◦, Fig. S1) the
wirebonds emit in the horizontal plane of study with the
same polarization of the receiving antenna, thus produc-
ing the side lobes observed in Fig. 1d of the main text
(continuous line). We note also that when the gap of
the QCL is closed (Fig. 1d of the main text, dashed line)
the RF current flowing into the wirebonds connecting
the QCL with the dipole antenna is significantly reduced
due to the short between the two QCL top contact pads,
which almost eliminates the side lobes.
III. EQUIVALENT CIRCUIT MODEL OF THE LASER
RADIO TRANSMITTER
The cross section and top view of the laser radio trans-
mitter (LRT) demonstrated in this work is shown in
Fig. S2a,b. Each of the sections (QCL, trenches and con-
tact pads) can be considered as a parallel impedance that
models the behavior of the layers with respect to verti-
cal radio frequency (RF) currents, which are dominant
in the system. The elements are connected in parallel by
the presence of the metal contact above and the highly-
doped InP substrate below. Knowing the mobility, car-
rier density and electrical permittivity of each layer, the
admittance per unit area of each of the sections can be
computed. This is done by considering the total real con-
ductance R−1PUA of the layer per unit area as
R−1PUA =
σ
t
=
nqeµ
t
(1)
where t is the thickness of the layer and σ is the bulk
conductivity of the material, which can be expressed as
the product of the elementary charge qe, the carrier den-
sity n and the mobility µ. For the SiN layer, R−1PUA is
simply taken to be 0 since no charge transport occurs.
Importantly, at the microwave frequency considered in
this work (5.5 GHz) we neglect any effect due to the car-
rier inertia (plasmons) which is motivated by the fact
that the frequency is well below the plasma collision fre-
quency (an assumption that has to be revisited for tera-
hertz frequencies). The mobility is assumed to be 9000
cm2V−1s−1 for GaInAs2 and 5000 cm2V−1s−1 for InP3.
Secondly, we calculate the capacitance per unit area
CPUA of each layer as a parallel plates capacitor, namely:
CPUA =
ε0εr
t
(2)
The total layer admittance is then found by taking the
parallel of the real conductance and capacitance per unit
area, that is:
YPUA = R
−1
PUA + iωCPUA (3)
The impedance of each layer is the reciprocal of the
total admittance:
ZLayer =
1
YLayer
=
1
A× YPUA =
t
A× (nqeµ+ iωε0εr)
(4)
where A is the area of the pad or trench. When several
layers are stacked, the total impedance of the stack is the
sum of the impedances of each layer. Finally, the parallel
of the impedances of the trenches and contact pads gives,
3(a)
(b)
(c) (d)
FIG. 2. Circuit model of the LRT. (a) Cross-section of the QCL with layer parameters. (b) Top view of the QCL with a gap
in the top contact layers. (c) Circuit model where each half of the QCL is shown as a separate RF generator. The DC elements
of the circuit are shown in blue. (d) Simplified RF circuit model of the LRT.
FIG. 3. Alternative design using Fe-doped InP to improve the impedance matching between the active region and the antenna.
for each half of the QCL, the total pad impedance Zˆpad =
0.0065− 0.4762i Ω.
The active region of the QCL section is the source of
the RF power in the system. This region is therefore
represented by an RF generator including an internal
impedance. In principle, both Norton equivalent circuit
(based on a current generator) and Thevenin equivalent
circuit (based on a voltage generator) can be used to
model the source as they are interchangeable - here the
Thevenin one is used. The impedance of this generator is
measured directly from the derivative of the IV curve of
the device. In fact, since the section with the active re-
gion is the only one that can transport DC current (due
to the presence of the SiN layer in the other sections),
the measured impedance at DC can only be due to the
active region. The measured value is 1.3 Ω for the entire
device, which is given by the parallel of the two halves of
the QCL. Hence, each half of the QCL has an impedance
4FIG. 4. Model of the RF wireless link between the QCL radio transmitter and the spectrum analyzer.
of ZˆQCL =2.6 Ω.
The layers forming the QCL active region are present
also below the contact pad, but their RF impedance is
much different in the contact pad area, since no DC cur-
rent is flowing through them. The impedance can be
estimated using the fact that the measured low current
DC impedance of the QCL active region is 493 Ω. Scal-
ing this number (that applies to the 12 µm region of the
QCL) to the pad area, gives 27 Ω that is used in the
model as the layer impedance ZLayer for these layers.
Fig. S2c shows the equivalent circuit model of the
LRT. The two halves separated by the gap are mod-
eled as two RF generators with opposite phases4. The
pad impedance appears in parallel to the generator, and
the two halves are connected to the antenna via wire-
bonds. The wirebonds have an inductance that can
be estimated as 5.25 nH, and hence an impedance of
ZˆWB = iωL/N = 25.9i Ω, where N = 7 is the num-
ber of wire bonds on each side5. The antenna, instead,
has an estimated impedance of Zˆant = 50 Ω.
When no gap in the QCL is present, the generators are
shorted, meaning that very little power is radiated out
of the structure (in principle none if the inductance and
resistance of the top gold layer and bottom copper layer
is ignored). When the gap is opened, the two parts of the
circuit are now separated, and energy can be extracted
using each side as an electrode of a new generator.
Because the two generators have opposite phases, from
the RF point of view they are in series, and thus they can
be combined in a single generator with doubled voltages
and impedances (Fig. S2d). This implies that Zpad =
2Zˆpad = 0.0130− 0.9524i Ω, ZQCL = 2ZˆQCL =5.2 Ω and
ZWB = 2ZˆWB = 51.8i Ω. Instead the impedance of the
antenna is unchanged: Zant = Zˆant = 50 Ω. Concerning
the voltage of the generator, this implies VQCL = 2VˆQCL,
however the value used here is not important as it cancels
out in the calculation, as we explain below.
The QCL has an available RF power (i.e. the max-
imum power that can be extracted from the generator
if perfect impedance matching is realized) that can be
found using the following formula:
Pav =
V 2QCL
4Re(ZQCL)
(5)
By solving the circuit and finding the actual power Pant
entering the antenna, it is possible to determine the ratio
Pant/Pav independently from the voltage of the genera-
tor. The calculated ratio is in our case -22 dB and it
indicates the mismatch loss between the generator and
the antenna. The mismatch can be easily reduced to -
9 dB if a buried QCL geometry is used (Fig. S3) with
iron-doped InP as a passivation layer6. This is possible
thanks to the increased thickness with respect to the SiN
layer, while keeping at the same time a very good ther-
mal conductance to dissipate the heat. The matching
could be further improved by using a larger number of
wirebonds and ad-hoc antennas or impedance matching
networks.
Because the receiving antenna is impedance-matched
with the spectrum analyzer, by knowing the received
power (PRx = −80 dBm, cf. Fig. 1d of the main text,
continuous line) the available power at the QCL can be
computed by first determining the transmitted power
PTx = Pant via the Friis formula (see Fig. S4):
PRx = GTxGRx
(
λ
4pid
)2
PTx (6)
GTx and GRx are the gains of the transmitting and
receiving antennas respectively, while the term in the
parenthesis is the free-space loss. Knowing that GRx =
18.5 dBi and estimating GTx = 6 dBi we obtain that the
available RF power in the QCL in the experimental op-
erating conditions is -36 dBm. From this power value we
can also back-calculate the voltage of the generator using
Eq. 5, obtaining VQCL = 2.3 mV.
IV. SIMULATIONS OF THE QCL RADIO FREQUENCY
GENERATION
In this section we study the optical-to-radio frequency
conversion of a QCL by means of space- and time-domain
numerical simulations. The model we use is described in
Ref. 7. The occurrence of a dynamic population inver-
sion gratings in numerical simulations of QCLs operating
as frequency combs was alreadys shown in Ref. 4. Here
we focus in particular on the difference in terms of ra-
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FIG. 5. Simulations of the QCL radio frequency generation for fundamental and harmonic comb operation. (a) Schematic
of the uncoated Fabry-Perot cavity studied in the simulations. (b) Table summarizing the main simulation parameters and
results. (c),(f) Optical spectra. The optical frequencies are given as relative to a central reference mode. (d),(g) Current
density gratings. (e),(h) Beat note spectra calculated at the edge of the cavity (x = 0).
dio frequency generation between two QCL regimes: the
fundamental comb and harmonic comb.
We choose laser parameters and operating conditions
representative of the mid-infrared QCL device studied
experimentally in this work. Specifically, we take from
bandstructure simulations of the device a gain recovery
time T1 = 0.6 ps, a dephasing time T2 = 0.12 ps and a
dipole moment d = 2.04 nm. The simulated device has a
Fabry-Perot geometry with a 8 mm long cavity, a 12 µm
wide waveguide, and is operated at a current density of
1.23×Jth (Jth being the current density threshold of the
device). To achieve the fundamental comb regime, where
the intermodal spacing is 1 free spectral range (FSR) of
the laser, the electron diffusion coefficient is set to 0.
On the other hand, to attain harmonic comb operation,
where the intermodal spacing is a higher harmonic of
the laser FSR, a weak optical seed is injected inside the
cavity of the laser operating in the single mode regime.
By proper tuning of the seed frequency in the vicinity of
a Fabry-Perot cavity mode, a parametric process can be
triggered leading to the formation of a harmonic state.
The simulated optical spectra obtained by the laser op-
erating in the fundamental and harmonic comb regimes
are shown in Fig. S5c,f, exhibiting an intermodal spac-
ing of 5.5 GHz and 127 GHz, respectively. We note that
the value of the electric field at the laser facet is very
similar in the two simulations, being around 6 kV/cm.
Due to the beating of the optical modes, dynamic popu-
lation gratings are generated inside the cavity producing
an AC component in the vertical current flowing through
the laser4. The current density JAC gratings originating
at the lowest order beat notes (f0) of the laser in the
FIG. 6. Power spectra of the original baseband audio signal
and the received one upon transmission with a quantum cas-
cade laser radio transmitter at a carrier frequency of 5.5 GHz.
fundamental and harmonic comb regimes are shown in
Fig. S5d,g. As expected, the number of spatial cycles
scales with the number of skipped Fabry-Perot modes in
the harmonic state. The striking difference between the
two cases is that the peak value of JAC is over 60× larger
in the harmonic state. This is due to spectral distribu-
tion of the optical power in the harmonic state, which
exhibits fewer, more powerful optical modes, resulting
in a reduced spectrum of strong beat note frequencies
(cf. Fig. S5e,h). In addition to this, the lowest order
beat note of the fundamental comb is by itself among the
weakest of the current oscillations spectrum of the laser
6(Fig. S5e) due to the FM phase relationship among the
optical modes of the QCL, which tends to suppress odd-
order beat notes (see Supplementary Sec. 6D in Ref. 4
for more details).
From the simulated current density gratings we can
calculate the available radio frequency power at the QCL
source as
Pav =
1
2
RQCL
(
wwg
∫ L
0
JAC(x) dx
)2
(7)
where wwg and L are the waveguide width and cavity
length of the laser, and RQCL = 1.3 Ω is the impedance
of the QCL taken to be the same of the experimental
device studied in this work. From Eq. 7 and using the
simulated current density gratings we obtain that the
available power at the lowest order beat note of the har-
monic state is 37 dB stronger than that of the funda-
mental comb. These insights show the strong potential
of the harmonic comb for LRTs operating in the sub-THz
range.
V. SPECTRA OF THE TRANSMITTED AND
RECEIVED AUDIO TRACKS
Fig. S6 shows the power spectrum of the original base-
band audio signal and the one received after transmission
with the QCL (cf. set-up in Fig. 2 of the main text).
The signal obtained upon reception represents with fi-
delity the original signal except for the frequency region
below 10 Hz, where additional noise is observed due to
slow thermal jittering of the QCL beat note, and the
frequency region around 10 kHz, due to the level of the
noise floor at reception lying around -105 dB. Using an
audio editing software (Audacity) the received signal is
then amplified and the noise in the 10 kHz range is sup-
pressed using a noise reduction algorithm. The SNR of
the signal transmitted with the QCL could be improved
by increasing the deviation bandwidth of the beat note
frequency modulation (cf. Fig. 2b), namely by increas-
ing the amplitude of the laser current modulation. In the
present proof-of-concept demonstration we were limited
by the demodulation bandwidth of the SDR hardware
(RTL2832U demodulator bandwidth 200 kHz).
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